It is well known that a clear disparity exists between the elastic modulus determined using macroscopic tensile testing of polymers and those determined using nanoindentation, with indentation moduli generally overestimating the elastic modulus significantly. The effects of pile-up, viscoelasticity and hydrostatic stress on the indentation modulus of an epoxy matrix material are investigated. An analysis of residual impressions using scanning probe microscopy indicates that material pile-up is insignificant. Viscous effects are negated by increasing the time on the sample during the loading/hold segment phases of the indentation test, and by calculating the contact stiffness at a drift-insensitive point of the unloading curve. Removing the effects of viscous deformation reduces the modulus by 10e13%, while also significantly improving the non-liner curve fitting procedure of the Oliver and Pharr method. The effect of hydrostatic stress on the indentation modulus is characterised using relations from literature, reducing the measured property by 16%. Once viscous and hydrostatic stress effects are accounted for, the indentation modulus of the material compares very well with the bulk tensile modulus, and modifications to standard indentation protocols for polymers are proposed.
Introduction
Nanoindentation has proven itself to be an extremely useful technique for testing polymer matrix composite (PMC) material constituents at the microscale. The technique has been successfully used to compare the properties of in-situ matrix constituents with the same materials in their bulk form [1e3] , and for characterising the interphase region which lies adjacent to the fibre-matrix interface [4e9] . While this comparative analysis is interesting, a number of authors have reported a disparity between the values of the elastic modulus property determined using conventional macroscale mechanical testing, and those determined using indentation testing at the microscale, with moduli from indentation studies generally overestimating the elastic modulus of the material [10, 11] . This overestimation has often been attributed to material pile-up and the viscoelastic behaviour of polymer materials [11e14], while other authors have postulated that the subsurface hydrostatic stress may also play a role [15e17] . The overestimation of the specimen elastic modulus using nanoindentation remains a predominant issue preventing the accurate quantitative characterisation of the in-situ matrix properties of polymer matrix composites (PMCs) at the microscale.
The elastic theory on which the nanoindentation analysis technique is based assumes that "sink-in" behaviour has occurred in the region around the indentation, as this behaviour is characteristic of elastic conical indentations. However, depending on the substrate material, the behaviour can vary at the maximum indentation depth, as illustrated in Fig. 1 . During pile-up, the contact depth (h c ) is greater than the maximum indentation depth (h max ). Fig. 1b shows the shapes of the projected contact areas at maximum depth in each case, for indentations carried out using a Berkovich indenter. For the case of pile-up, the flat sides of the indentation impression curve outwards as the material piles up, mostly on the flat regions between the sharp edges of the indenter tip. During sink-in, the flat sides of the impression bow inward as the material sinks-in, mostly in the same regions. While the assumption of sink-in behaviour is valid for most materials, there have been numerous reported cases where the theory has failed to correctly predict the true contact area for the elastic-plastic indentation, depending on the modulus to yield stress ratio of the material [18] . This leads to overestimated indentation moduli values [19e26] .
Studies have also indicated that the time-dependent behaviour of polymers affects the predictions of elastic moduli using the nanoindentation technique [10] . In particular, it has been shown that the initial phase of the unloading curve is abnormal compared to the rest of the unloading curve, due to the notable effects of viscoelastic deformation [27] . These effects lead to an increase in the contact stiffness, poor non-linear curve fits of the unloading data, and theoretically invalid fitting exponents [10, 15, 27] . In severe cases, indentation creep can actually lead to a negative slope at the initiation of indenter unloading, which makes analysis of the unloading curve impossible [28] . However, even in the absence of this phenomenon, the unloading data can still be adversely affected by viscoelastic deformation, leading to overestimation of the sample modulus.
During indentation testing, the stressed material underneath the indentation tip becomes constrained by the surrounding unstressed material, leading to a build-up of large compressive hydrostatic stress [29] . It has been postulated by a number of authors that, for polymers, the overestimation of the indentation modulus could be influenced by the existence of this hydrostatic stress state [13,15e17] , as the tensile modulus of polymers has been shown to increase with increasing hydrostatic pressure when tensile tests were performed in a thick-walled cylindrical pressure chamber [30, 31] . However, the effect of the surrounding hydrostatic stress state on polymeric indentations has yet to be quantified.
The objectives of this paper are to investigate the effects of material pile-up, viscoelasticity and hydrostatic stress on the indentation modulus of bulk 6376 epoxy material. This material is the epoxy matrix in the carbon-fibre reinforced polymer (CFRP) material HTA/6376, commonly used in the aerospace industry. Optical and Scanning Probe Microscopy (SPM) techniques have been used to investigate the residual impressions of indentations for evidence of pile-up, with area corrections applied to the nanoindentation results based on direct area measurement techniques. The effect of viscoelastic deformation has also been investigated by carrying out a large number of indentations using a wide range of experimental settings in order to determine the optimum configuration and analysis techniques to produce results free from the influence of time-dependent deformation effects. The effect of varying these experimental and analytical parameters on the curve-fitting procedure has been detailed. Finally, relations from literature are used to quantify the value of the constraining hydrostatic stress, and characterise its influence on the calculated indentation modulus of the 6376 material.
Theory

Nanoindentation theory
The Oliver and Pharr [32] method is currently the most extensively used method of determining modulus and hardness. Hardness (H) is defined as the load on the indenter tip (P) divided by the projected contact area (A):
According to the methods derived by Sneddon [33] and Oliver and Pharr [32] , the unloading curves from nanoindentation tests should accurately fit the power law relation in Equation (2):
where B, h p and m are best fit constants. The constant h p represents the depth of the residual plastic impression left after the indenter has been withdrawn from the specimen, while the exponent m is equal to 1 for elastic indentations with a flat punch indenter, and equal to 2 for elastic indentations with a conical indenter. Experimentally, the value of the exponent m generally lies between these two values due to the effects of plasticity [34] . The contact stiffness is obtained by evaluating the slope of curve fit at the onset of unloading. The contact stiffness is related to the reduced elastic modulus using Equation (3):
where S is the slope of the unloading curve or 'contact stiffness' and E r is the reduced modulus of the contact. In practice, the contact area (A) is deduced using the Oliver and Pharr method by using the area function for the indenter tip geometry used. This function expresses the projected contact area as a function of the contact depth (h c ).
where the constants C n are used to account for any deviation of the tip geometry from that of the ideal geometry. Using this technique, the contact depth is estimated based on Sneddon's expression for the shape of the surface outside of the area of contact for an elastic indentation by a paraboloid of revolution [35] . It is assumed that the depth of material in contact with the indenter tip is less than the maximum indentation depth according to Equation (5):
where h max and P max are the maximum displacement and load, respectively, and ε is equal to 0.75 for a paraboloid of revolution [36] . The specimen modulus (E) can be related to the reduced modulus (E r ) using Equation (6) , provided the indenter modulus (E i ) is known and the Poissons ratios of the specimen and indenter, y s and y i respectively, are known or can be estimated. 
Hydrostatic stress
It was proposed by Birch [37] that the increase in the Young's modulus of isotropic solids due to the presence of hydrostatic pressure is described by Equation (7):
where E(0) is the elastic modulus at atmospheric pressure, s H is the applied hydrostatic pressure, and y is the Poisson's ratio of the material. It is clear from Equation (7) that the pressure dependence of the elastic modulus is greater for materials that have a lower modulus at atmospheric pressure, such as polymers. This expression was experimentally verified and shown to correctly predict the change in the tensile modulus of polymers with increasing hydrostatic pressure [31, 38] .
In an indentation test, the measured hardness of the material, measured using Equation (1), is equivalent to the mean contact pressure measured by the indenter tip. This measured pressure includes contributions from the stressed material's yield stress in compression (s YC ) and the constraining hydrostatic stress (s H ), according to Equation (8):
The ratio of the contributions from each of these effects on the total hardness value is determined by the constraint factor (C) for a given material, where the hardness (H) is related to the yield stress (s YC ) by Equation (8) , first proposed by Atkins and Tabor in 1965 [29] .
Rearranging Atkins and Tabor's expression allows the compressive yield stress to be estimated using the indentation data, based on the value of hardness measured for the indentation, provided the constraint factor is known:
Therefore, the sub-surface hydrostatic stress can be quantified by substituting Equation (10) into Equation (8) 
Rearranging Equation (7) and substituting the relation from Equation (11) allows the true elastic modulus of the material (E(0)) to be calculated, where the indentation modulus and hardness are substituted for E and H respectively.
Characterisation of 6376 matrix material
The nanoindentation experiments were carried out using the Nanoindenter G200 developed by Agilent Technologies, fitted with a Berkovich indenter tip. Four different target indentation depths, 500 nm, 1 mm, 2 mm and 5 mm, were used in order to characterise any depth dependency of the examined phenomena. The chosen indentation depths also ensure that the results are independent of experimental factors such as tip blunting, surface roughness and size-scale effects associated with low-depth indentation [10,39e42] . In order to carry out an initial characterisation of the 6376 epoxy material, a total of 30 indentations were carried out for each depth. The default settings of the G200 were used, which included a constant load hold segment at the maximum load of 10 s, and an indentation strain-rate target of 0.05/s.
The load-displacement data, indentation modulus and hardness for the initial indentations are shown in Fig. 2 , and are consistent across the four depths investigated. The indentation moduli (mean 5.07 GPa) were consistently larger than the reported macroscopic value (3.63 GPa) determined using conventional ISO 527-1 tensile testing of bulk epoxy material [43, 52] , by approximately 40%.
Investigation of material pile-up
A residual impression for each indentation depth was investigated for pile-up using the optical microscope of the G200 (1000 Â magnification) and scanning probe microscopy (SPM). An example is shown in Fig. 3a , for a 5 mm indentation. A closed-loop nano-positioning stage with a resolution of 2 nm was used in combination with the G200 indenter head fitted with a cube corner indenter tip to create high-resolution images of the residual impressions. This was accomplished by raster-scanning the tip over the area of interest under a force of 1 mN. The time between the test's unloading cycle and the SPM scans was roughly 1 h for all the scans. The data from the scans was post-processed and plotted using the free and open source SPM data analysis software Gwyddion 2.30.
While the use of optical, electron and spanning probe microscopy to determine the true contact area is often recommended for cases where pile-up occurs during an indentation [36, 44] , there is no standard procedure or consensus regarding the method of measurement of the corrected contact area. Thus, two methods have been used to directly measure the contact area from the SPM scans. The first directly measures the projected contact area of the impression (A PROJ ) [21, 23, 24, 45, 46] , while the second determines the depth-corrected contact area based on the measured pile-up profiles (A PU ) [23, 26] . To determine A PROJ from the residual impressions, line scans were examined which started at the centre of the impression and proceeded outwards towards the bulk nonindented surface, as illustrated in Fig. 3a . The highest points along these line scans were assumed to be the bounding points of contact between the indenter and the substrate material. The line scans were measured for the full 360 around the centre of the indentation at an angular increment (dQ in Fig. 3a ) of 2.5 . The analysis of the contact points leads to a projected contact area with inward curvature. The indentation modulus was recalculated using this new projected area, and is denoted as E PROJ .
Material pile-up is clearly visible around the flat sides of the impression in Fig. 3a . To determine the corrected contact depth (h c ) from the SPM scans, the height of the material pile-up (h PU ) above the mean surface height was measured using the line scans A, B and C, illustrated in Fig. 3b . This height was then added to the maximum indentation depth (h max ) to determine the corrected contact depth (h c ) according to Equation (11) . The depth-corrected contact area (A PU ) is then calculated using the indenters area function and the corrected contact depth. The indentation modulus calculated using this new depth-corrected contact area is then denoted as E PU . Both of the above methods of direct contact area determination were found to successfully correct the overestimated indentation modulus determined for indentations carried out on Aluminium 6082T6 alloy, where pile-up occurred during indentation.
The corrected contact areas and moduli were normalised by dividing by the values determined using the Oliver and Pharr technique, and plotted in Fig. 4a and 4b , respectively. The values of area appear to be slightly dependent on the indentation depth, with larger normalised areas determined for smaller indentations. There is a clear disparity between the values calculated using the two techniques. The inward curvature of the projected contact area (A PROJ ) predicts sink-in behaviour, to an even greater degree than that predicted using the Oliver and Pharr prediction. This leads to an increase in the corresponding modulus value. The corrected area using the pile-up heights (A PU ) leads to roughly a 20% reduction in the indentation modulus, but is still 12% larger than the macroscopic modulus.
The observation of both inward curvature and material pile-up around the residual impression seems somewhat contradictory, based on the expected impression geometry described in Fig. 1b . This behaviour is probably due to the recovery which the material undergoes on removal of the maximum indentation load. An interesting comparison can be made between the residual impression depth (h p ) extracted from the load-displacement data at zero load in Fig. 2a , and that observed post-hoc using the SPM line scans in Fig. 3b . It is clear that the depth of the residual impression determined from the SPM scan is much lower than that extracted from the load-displacement curve at zero load (i.e. 1 mm vs 2.4 mm).
The same behaviour was observed for all the indentation depths examined, and is clear evidence of the significant viscoelastic recovery experienced by the material on removal of the indentation load. This large amount of recovery makes direct measurement of the contact area problematic. The indentations recover roughly 80% of the maximum indentation depth between the time the indenter is under its maximum load, and the time the surface was scanned. This excessive elastic and viscoelastic recovery makes it unlikely that the height of the measured pile-up (h PU ) is representative of the state of pile-up under the indenter at maximum indentation load. The surface recovery is more likely to occur predominantly upward based on the 80% recovery of the indentation depth and the recovery sequence observed in the authors' previous numerical simulations [47] . In conclusion, the results of the SPM scans show that material pile-up does not provide a satisfactory explanation for the overestimation of the indentation modulus of the 6376 resin, while also providing further evidence of the significant viscoelastic deformation which occurs during and following the indentation of this material.
Investigation of viscoelastic effects
The experimental indentation settings were altered to determine the elastic modulus of the 6376 epoxy, independent of the viscous behaviour of the material. The parameters altered were the maximum load holding segment time (t hold ), the indentation strainrate (_ ε) and the point of contact stiffness evaluation (h dp/dh ), and these investigations are described in the subsections below.
Maximum load segment time (t hold )
To allow time-dependent deformation to diminish prior to the critical unloading segment of the test, a holding period is often applied to the nanoindentation test at maximum load. This hold period was first proposed by Hochstetter et al. [48] , and the default hold time for the G200 is 10 s. To investigate the effect of the hold time (t hold ) on the indentation modulus, tests were carried out using 6 different hold times for each target indentation depth. A wide range of hold times were investigated, namely, 0 s, 10 s, 60 s, 120 s, 600 s and 3600 s, with two indentations carried out for each combination of indentation depth and hold time.
The long-term creep response of the 2 mm indentation with a hold time of 3600 s (1 h) is shown in Fig. 5a , where t hold has been plotted against the indenter displacement. The creep displacement during the hold period increases the total indentation displacement by 12% of the target indentation depth during the hold period. The holding time has also been plotted against the creep rate in Fig. 5b for the same indentation. It can be seen that the creep rate is very low after approximately 100 s, and is close to zero after approximately 1000 s. The indentation modulus values determined for the different hold times are plotted in Fig. 6 , where a decrease in the modulus is observed as hold time increases, with the largest scatter in properties observed for the indentations with zero hold time. The values for t hold ¼ 0 have been plotted as t hold ¼ 1 for the purpose of illustration. The modulus decrease is somewhat dependent on the indentation depth, with the modulus for smaller indentations decreasing to a higher degree than larger ones. The long hold moduli are closer to macroscopic modulus, as indicated in Fig. 6 .
Indentation strain-rate (_ ε)
The 'indentation strain-rate' is defined as the loading rate divided by the instantaneous load ( _ P=P) and has a default value of 0.05/s. The indentation strain-rate also affects the unloading rate for the indentation, where the unload rate is equal to the maximum indentation load reached during the loading segment multiplied by the target strain-rate ( _ P ¼ P max _ ε ). A minimum unload rate of 0.1 mN/s was imposed. Tests were carried out over a range of strainrates spanning four orders of magnitude, namely, 0.001, 0.01, 0.1 and 1/s. The maximum indentation depth target was set to 2 mm, and a total of 10 indentations were carried out for each indentation strain-rate.
The effect of the chosen indentation strain rate on the calculated indentation modulus is shown in Fig. 7 , where an increase in modulus observed as the strain rate was increased. For strain-rates greater than 1, the increase in maximum load (P max ) and resulting properties was extreme and, therefore, deemed abnormal and omitted from the results. The lowest value of indentation modulus calculated was 4.5 ± 0.08 GPa, which was determined at the strain rate of 0.001/s.
Point of contact stiffness evaluation (h dp/dh )
An example load-displacement curve is shown in Fig. 8 where the regions of positive (first hold segment) and negative (second hold segment) displacement drift have been highlighted. It is reasonable to assume that a point of inflection must exist at some point on the load-displacement curve between these hold segments, where the effects of creep and relaxation are minimised. Here, it is proposed that the point of contact stiffness determination (h dp/dh ) be changed, based on the characterisation of a 'creeprelaxation profile' for the unloading curve. This allows the most drift-insensitive point along the unloading curve to be determined, and the contact stiffness calculated at this point, as opposed to fitting the drift-affected data from the early stages of unloading. To determine this optimum point, a series of indentations were held at a constant load at various stages along the unloading curve. Indentations were carried out using the default experimental settings (t hold ¼ 10 s, _ ε ¼ 0.05/s) across the four indentations depth under consideration. Holding segments were introduced during the unloading segments at increments of 10% of the maximum load, to ascertain the magnitude of the creep/relaxation at each stage. A total of 5 indentations were carried out for each combination of indentation depth and unloading curve load level, and the drift displacement from the first 10 s was measured. A time of 10 s was chosen because the total unloading takes 20 s and the upper 50% of the curve is used for fitting and the calculation of the indentation properties [49] .
The drift displacements during the unloading hold periods have been plotted against the percentage of maximum load level, to produce the unloading curves' creep-relaxation profiles in Fig. 9a . The drift displacements were then normalised by dividing by their corresponding maximum indentation depth targets in Fig. 9b . It is clear from the creep-relaxation profile that the total drift is minimised at around 80% of the maximum load, and is insensitive to indentation depth. The indentation data from Fig. 2a was analysed firstly using the unloading data ranging from 100 to 50% of the maximum load (original) and again from 80 to 30% (new), as illustrated in Fig. 8 , and the resulting indentation moduli are compared in Fig. 10 . The data is very similar for all indentation depths, with only slightly higher values determined for the 500 nm indentations. The moduli calculated were 5.07 ± 0.08 GPa and 4.42 ± 0.02 GPa using the original and new unloading data, respectively, which is a similar decrease to that observed using long hold times and slow strain rates, but with much less time required on the sample. This is advantageous as high throughput experimentation (HTE) is often cited as one of the major advantages of nanoindentation experiments over conventional mechanical testing techniques [11] .
Analysis of non-linear curve-fitting procedure
In order to calculate the indentation modulus of the sample, the upper 50% of the unloading data was fitted using Equation (2) [49] . The quality and exponents of this non-linear curve fit can provide insight into how well the data from a polymeric indentation, where time-dependent viscoelastic deformation is prevalent in the unloading data, adheres to the elastic nanoindentation theory. The coefficients of variation (R 2 ) and curve-fitting exponents (m) are listed in Table 1 . The R 2 values clearly indicate that the quality of the curve fit improves with an increase in the holding segment time, and with a decrease in the strain rate. This trend is probably due to an increase in creep deformation occurring prior to unloading. Interestingly, a similar improvement is noted for the fits where the point of contact stiffness determination was changed. The curve-fit for the original unloading data, shown in Fig. 11a , is quite poor, especially for the data corresponding to the beginning of the unloading. However, the fit for the new unloading data, shown in Fig. 11b , is much more accurate. Despite the marked improvement in the non-linear fitting, the curve-fitting exponent (m) for all the indentations is still larger than the expected upper limit of 2, which is similar to previous observations from indentations carried out on polymeric materials [10, 15, 27] . However, the value of m does appear to decrease for the indentations where the effects of viscoelastic deformation are nullified.
Influence of hydrostatic stress
The mean values of indentation modulus and hardness, plotted in Fig. 2 , have been used to determine the effect of hydrostatic stress on the indentation modulus of the 6376 material. Rodríguez et al. [50] recently showed that the constraint factor (C) for pressure sensitive materials is dependent on the plasticity index (s YC /E) and the friction angle (f) of the material. According to that numerical analysis, the constraint factor for materials with a high value of plasticity index, such as the 6376 epoxy, is approximately equal to 2. This allows the value of hydrostatic stress to be calculated using Equation (9) . The value of hydrostatic stress (s H ) inferred from these relations was 190.5 MPa. Equation (10) was then used to calculate E(0), where the mean indentation modulus value from the experiments was substituted for E (the modulus influenced by hydrostatic stress). Removing the influence of the calculated hydrostatic stress reduces the mean indentation modulus from the experiments from 5.07 GPa to 4.24 GPa. This represents a 16% reduction in the property and shows that the constraining hydrostatic stress could have a significant influence on the values of indentation modulus calculated for the 6376 epoxy resin.
Concluding remarks
A comprehensive experimental study has been carried out to determine the effects of material pile-up, viscoelasticity and hydrostatic stress on the values of indentation modulus determined for 6376 epoxy material. Scanning probe microscopy (SPM) images of residual impressions showed regions of material pile-up adjacent to the impressions, but also highlighted the large amount of viscoelastic recovery which occurs following indenter unloading. This recovery makes the direct determination of the contact areas problematic. Based on the large recovery observed, and the relatively small heights of the pile-up measured, it was concluded that the pile-up was not significant and did not provide an adequate explanation for the overestimation of the material's elastic modulus by indentation methods. Recent advances in in-situ indentation, where nanoindentation is integrated with electron imagery [51] , would provide conclusive insight into the state of material pile-up at maximum indentation load, as well as the elastic and viscoelastic surface recovery deformation for polymeric materials.
The indentation modulus was found to reduce for experimental configurations where viscoelastic deformation was allowed to diminish prior to unloading. The quality of the non-linear curve fits to the resulting unloading data also showed a marked improvement for these configurations. Similar reductions in modulus and improved curve-fits could also be produced by avoiding the abnormal unloading data present at the onset of unloading, requiring much less time on the sample. It was found that nullifying the effects of the viscoelastic deformation led to reductions of the modulus of the order of 10e12%. The effect of the sub-surface constraining hydrostatic stress on the indentation modulus was also investigated. A simple correction was proposed based on relations from literature, which allowed the constraining hydrostatic stress to be quantified. The resulting change in modulus due to the hydrostatic stress could then be approximated using experimental data. Correcting for the effects of the hydrostatic stress lead to 16% reduction in the indentation modulus for material, making it the most influential of the phenomena investigated. It is clear from the above investigations that the overestimation of the elastic modulus of polymer materials by indentation methods could be a consequence of a combination of factors. Accounting for the effects of both viscoelasticity and hydrostatic stress results in a recalculated mean indentation modulus of 3.75 GPa, which compares well with the macroscopic elastic modulus of 3.63 GPa for the 6376 epoxy material, as highlighted in Table 2 . The relative effect of the three investigated phenomena on the indentation modulus of various polymer materials is likely to vary depending on the properties of polymer being investigated. The methods described herein to find the drift-insensitive contact stiffness and to account for hydrostatic stress influence could be readily incorporated into the standard protocols for polymer material indentations, to ensure accurate calculation of the indentation modulus, independent of these effects. 
